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Abstract. The LINER galaxies NGC2911, NGC 3079,
NGC3998, and NGC6500 were observed at 5 GHz with
the European VLBI Network at a resolution of 5 milliarc-
second and found to possess flat-spectrum, variable, high-
brightness temperature (TB > 10
8 K) radio cores. These
radio characteristics reinforce the view that these LINERs
host central engines associated with active galactic nuclei.
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1. Introduction
As many as 40% of all nearby galaxies display some
level of nuclear activity qualitatively resembling that seen
in accretion-powered active nuclei (Ho et al. 1997b; Ho
1999a). The activity manifests itself in objects such as
Seyfert nuclei and low-ionization nuclear emission-line
regions (LINERs; Heckman 1980). LINERs differ from
Seyferts in that they display characteristically stronger
low-ionization optical forbidden lines. The source of the
ionization responsible for the optical emission in LINERs
is still under debate. Models which invoke shock heating
(Fosbury et al. 1978; Heckman 1980; Dopita & Suther-
land 1995), stellar photoionization (Terlevich & Melnick
1985; Shields 1992; Filippenko & Terlevich 1992; Terlevich
et al. 1992; Barth & Shields 2000), and aging starbursts
(Alonso-Herrero et al. 2000) have been proposed as pos-
sible ionization mechanisms. There is, however, growing
evidence that a substantial fraction of the LINER popula-
tion simply constitute the local low-luminosity equivalent
of “classical” active galactic nuclei (AGN) such as quasars
and luminous Seyfert galaxies (see review by Ho 2001).
This is borne out by the detection of weak radio cores
(Heckman 1980; Sadler et al. 1989; Wrobel & Heeschen
1991; Slee et al. 1994; Nagar et al. 2000; Falcke et al.
2000), by the nature of the ultraviolet (Maoz et al. 1995,
1998; Barth et al. 1998) and X-ray radiation (Ptak et al.
1999; Terashima et al. 2000; Halderson et al. 2001; Ho et
al. 2001), and by the presence of broad Hα lines in to-
tal (Ho et al. 1997c) as well as polarized flux (Barth et al.
Moran 1999). If many LINERs are in fact true AGNs, this
would have repercussions on the faint end of the AGN lu-
minosity function, and consequently on galaxy evolution
and the cosmic X-ray background.
Here we report on an investigation of the radio mor-
phologies of four LINER galaxies on milliarcsecond (mas)
scales. Observations with the European VLBI Network
(EVN) were used to obtain images of the light-year scale
structure in the radio cores of these four LINERs sus-
pected to be powered by AGNs.
Send offprint requests to: mercedes@astro.rug.nl
This paper adopts a Hubble constant of H0 = 75
km s−1 Mpc−1 and defines the spectral index, α, such
that the flux density Fν ∝ ν
−α.
2. Sample Selection
The four LINER galaxies studied here (Table 1) were
taken from the Palomar spectroscopic survey of bright,
northern galaxies (Filippenko & Sargent 1985; Ho et al.
1995, 1997a, b, c). They were selected as having fairly
bright radio emission, with significant contributions from
an unresolved component on arcsecond (VLA) scales. Op-
tical images of NGC2911, NGC3079 and NGC3998 can
be seen in the Sandage & Bedke (1994) Carnegie Atlas
of Galaxies, and an image of NGC 6500 is available in
Gonza´lez Delgado & Pe´rez (1996). Various lines of evi-
dence, to be discussed below, suggest that accretion-driven
power plays a role in the nuclei of these four galaxies.
Early VLBI experiments conducted on these sources
have yielded some correlated flux densities on Mλ base-
lines (van Breugel et al. 1981; Jones et al. 1981; Hummel et
al. 1982). However, images permitting assessment of mor-
phological properties and brightness temperatures had not
been obtained. We therefore conducted EVN observations
to obtain such images and to quantify the contribution
of the radio emission arising from the AGN and the star-
burst components. In addition, it was hoped that mas-
scale structure could be traced out to large (kpc) scales.
We note, in passing, that a typical EVN 5GHz resolv-
ing beam of 5 mas translates to 1.5–3 light years for the
sources under study.
3. Observations and Data Reduction
The observations of NGC3998 and NGC6500 were per-
formed on 1997 June 5–6, while NGC 2911 and NGC3079
were observed on 1997 June 9, all with the EVN Mark III
system at 5GHz. We combined 14 channels of 4MHz each
to achieve a total bandwidth of 56MHz. The requested
antennas were Effelsberg, Jodrell Bank Mk 2, Medicina,
Noto, Torun, Westerbork, and Onsala, but unfortunately
only the first five yielded useful data. Total integration
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Table 1. Target Galaxies. Column 1: Source name. Column 2: Spectral class of the nucleus from Ho et al.
1997a, where L = LINER, S = Seyfert, 1.9 = weak broad Hα emission line present, and 2 = no broad emission
line; NGC 3079 falls on the borderline between Seyferts and LINERs. Column 3 and 4: Optical position from
NED (NASA/IPAC Extragalactic Database). Column 5: Adopted distance from Tully 1988, who also uses our
value of H0. Column 6: Hubble type from NED. Column 7: Green Bank 1.4GHz flux density from White &
Becker 1992, 12′ resolution. Column 8: NVSS 1.4GHz flux density from Condon et al. 1998, 45′′ resolution.
Column 9: FIRST 1.4GHz flux density from Becker, White, & Helfand 1995, 5′′ resolution. Column 10: Green
Bank 4.9GHz flux density from Becker, White, & Edwards 1991, 3 ′. 5 resolution.
Source Spectral R.A.(J2000) Dec.(J2000) D Hubble GB1.4 NVSS1.4 FIRST1.4 GB4.9
Class (h m s ) (◦ ′ ′′) (Mpc) Type (mJy) (mJy) (mJy) (mJy)
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10)
NGC2911 L2 09 33 46.10 10 09 08.5 42.2 S0: pec · · · 58.6 · · · 73
NGC3079 S2/L2 10 01 57.30 55 40 54.0 20.4 SBc 845 770.7 293.0 321
NGC3998 L1.9 11 57 56.112 55 27 12.74 21.6 S0? 126 101.4 98.5 82
NGC6500 L2 17 55 59.771 18 20 18.32 39.7 Sab: 224 182.9 · · · 176
time, aiming for optimal uv-coverage, was about 4 hours
per galaxy. Cross-correlation employed the Bonn (MPIfR)
Mark III correlator.
All of the Onsala data were lost, and the data from the
Westerbork array were also lost due to wrong polarization
observation. The loss of these two antennas was equiv-
alent to losing 47% of our data. Furthermore, more than
half of the 14 Torun channels were lost during the observa-
tions of NGC3998 and NGC6500. Following cross correla-
tion, subsequent data reduction was performed at JIVE in
Dwingeloo. After minor flagging, the data were calibrated,
fringe fitted, and Fourier transformed using standard tools
in AIPS (van Moorsel et al. 1996). Typical angular resolu-
tion achieved was 5–8mas (Gaussian FWHM). The uncer-
tainty of the absolute amplitude calibration, mainly due
to data noise and uncertainties in the primary flux density
calibrator, is estimated to be 5%–10% (1 σ).
4. Results
All four LINERs were detected at 5GHz and found to
display strong (∼20–80 mJy) point sources. Table 2 lists
the properties of the maps and the main measured quan-
tities, while Table 3 summarizes the derived quantities.
Weak extended emission, at a few percent of the peak
level, is observed in NGC3079, NGC 3998, and NGC6500;
this will be discussed below. The deconvolved images are
not shown because they suffer from sidelobe remnants and
noise peaks. Because our maps are dominated by a highly
compact central core, and because we are not confident
about the robustness of the faint extended emission, we
have chosen not to perform detailed fits to obtain decon-
volved source sizes.
Peak brightness temperatures were computed as
TB =
Fpeak c
2
2 kB ν2 Ω2
(K),
where Fpeak is the peak 5GHz flux density, c is the speed
of light, kB is Boltzmann’s constant, ν is the observing
frequency, and Ω2 is the upper limit to the source size.
We conservatively regard all the cores to be unresolved
and give upper limits to their sizes, equivalent to half of
the Gaussian FWHM of the synthesized beam. Given that
the resolution effects are at a few percent level at most,
the combined use of peak flux density and the adopted Ω2
yields lower limits to the brightness temperature figures.
The next section discusses the EVN imaging results
within the framework of other properties known for these
galaxies.
5. Individual Galaxies
5.1. NGC2911
The dominant radio core in NGC2911 shows pronounced
variability (Jones et al. 1982; Wrobel & Heeschen 1984;
Condon et al. 1991; Slee et al. 1994). From arcminute- and
arcsecond-resolution observations it appears that about
10 mJy of low-surface brightness radio emission is present
along the major axis of the galaxy (Wrobel & Heeschen
1984; Condon et al. 1991). Weak mas structure at PA
≈ −30◦ was claimed to have been detected in an early
1.7GHz VLBI experiment (Jones et al. 1981), but was
not confirmed with 5GHz VLBI observations (Jones et
al. 1982; Schilizzi et al. 1983).
We do not detect mas-scale extended emission. Our
results show an unresolved, high-brightness temperature
(TB > 10
8 K) core with a flux density of ∼20 mJy. Long-
baseline PTI (Parkes-Tindinbilla interferometer) measure-
ments in the late 1980s by Slee et al. (1994) yielded a
relatively flat radio spectrum for the core; α = 0.21 be-
tween 2.3 and 8.4 GHz. Interpolating the PTI flux densi-
ties to 5GHz yields a value of 43 mJy, which, compared to
the 163 mJy measured in 1980 with the VLA (Wrobel &
Heeschen 1984) and to our 1997 result, confirms the pres-
ence of strong variability. The presence of a variable, un-
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Table 2. Measured Radio Parameters. Column 1: Source
name. Column 2: Beam size (FWHM). Column 3: Position an-
gle of the beam. Column 4: Rms noise of the image. Column 5:
Peak 5 GHz flux density. Column 6: Integrated 5 GHz flux density.
Source Beam Size PA rms Fpeak Fint
(mas × mas ) (◦) (mJy beam−1) (mJy) (mJy)
(1) (2) (3) (4) (5) (6)
NGC2911 8.4 × 5.7 50.4 0.19 18.7 19.9
NGC3079 7.2 × 5.1 58.5 0.20 13.8 14.8
NGC3998 7.4 × 4.7 25.9 0.28 78.2 83.0
NGC6500 10.1 × 3.6 42.1 0.24 68.5 83.9
resolved, flat-spectrum, high-brightness temperature ra-
dio core constitutes compelling evidence for an AGN-type
source in this LINER galaxy.
5.2. NGC3079
Arcsecond-resolution images of this well-known active
galaxy show large-scale radio structure. Emission along
the galactic disk and two 15-kpc nonthermal lobes em-
anate from the nucleus along the minor axis (de Bruyn
1977; Seaquist et al. 1978; Duric et al. 1983; Hummel et
al. 1983; Duric & Seaquist 1988; Baan & Irwin 1995). This
morphology, which is also seen in the X-rays (Fabbiano et
al. 1992; Dahlem et al. Heckman 1998; Pietsch et al. Vol-
ger 1998) and in optical line emission (Ford et al. 1986)
has been interpreted as an outflow from a compact central
engine that interacts with the dense gas in the nuclear en-
vironment (see discussion in Filippenko & Sargent 1992).
The hypothesis that this outflow may be driven by ac-
cretion onto a supermassive black hole is reinforced by
high-resolution VLA and global VLBI observations (e.g.,
Irwin & Seaquist 1988; Trotter et al. 1998; Sawada-Satoh
et al. 2000) that reveal several aligned sources thought to
be features of a nuclear jet.
Our EVN observations detect a slightly resolved,
∼15 mJy radio core, in addition to a weak (∼2 mJy) ex-
tension 17 mas toward the Southeast. From its flux density
and position relative to the extended emission, we identify
the core with the peaked-spectrum component “B” ob-
served in the radio maps of Irwin & Seaquist (1988), Trot-
ter et al. (1998), and Sawada-Satoh et al. (2000). From
comparison with the above-mentioned data, the 5GHz
flux density of component B has been constant, within the
errors, from 1986 through 1997. On the other hand, the
8GHz values of Trotter et al. (1998) and Sawada-Satoh
et al. (2000) suggest variability at shorter wavelengths.
Based on the probable variability and the high brightness
temperature measured in this paper, we identify compo-
nent B with the core of NGC3079. The weak extended
emission that we observe Southeast of B, but which is
not well constrained by our data, may be associated with
components “A” and “C” as seen in the previous studies.
Based on their spectra, the multi-component nature, and
the position of the extended structure, Trotter et al. (1998)
and Sawada-Satoh et al. (2000) argue that A and C can be
identified with the fading and/or expanding components
in a radio jet.
5.3. NGC3998
Low-resolution radio observations reveal arcminute-scale
emission in NGC3998: a structure consisting of a core and
double lobes (∼4′ or 20 kpc) was detected with an overall
PA of ∼0◦ to −15◦ (Hummel 1980; Wrobel & Heeschen
1984; Wrobel 1991), slightly misaligned relative to the
galaxy minor axis. The radio core is variable and has a
flat spectrum (e.g., Hummel et al. 1984).
Our high-resolution EVN observations detect a strong
(∼83 mJy), slightly resolved core, consistent with the
VLBI measurement (86 mJy) obtained by Hummel et
al. (1982). The core displays a weak northern extension,
which we suspect is the innermost part of the postu-
lated kpc-scale outflow (Hummel 1980). The presence of a
compact, variable, flat-spectrum, high-brightness temper-
ature radio core associated with a jetlike extension consti-
tutes compelling evidence for an AGN-type source in this
LINER. This evidence is further strengthened by the de-
tection of an X-ray (Roberts & Warwick 2000; Terashima
et al. 2000; Pellegrini et al. 2000) and ultraviolet (Fab-
biano et al. 1994) point source, by the presence of a broad
Hα emission line (Ho et al. 1997c), and by the inferred
presence of a 108 M⊙ black hole (Dressel et al. 2000).
5.4. NGC6500
Arcsecond-scale radio emission has been detected in this
source by Unger et al. (1989), who find two-sided ex-
tended emission up to 5′′ from the nucleus at PA=140◦,
roughly perpendicular to the galaxy major axis. Unlike
the highly collimated jet emission seen in radio galaxies,
this arcsecond-scale emission has a wide opening angle of
∼60◦. The radio morphology has been interpreted as ev-
idence for an outflow along the minor axis of the galaxy
(Unger et al. 1989), similar to that seen in NGC3079 (see
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Table 3. Properties of the Radio Cores. Column 1: Source name. Column 2: Monochromatic power of the
core at 5 GHz, computed from the peak flux. Column 3: Spectral luminosity at 5 GHz, L5GHz ≡ νP5GHz. Column
4: Radius. Column 5: Peak brightness temperature. Column 6: Variability information (see text). Column 7: Non-
simultaneous 2- or 3-point radio spectral index. Column 8: References used to calculate αr: (1) Slee et al. 1994
(2.3 and 8.4GHz); (2) Trotter et al. 1998 (5, 8 and 22GHz); (3) Wrobel & Heeschen 1984 (1.5, 4.9 and 15GHz);
(4) Nagar et al. 2000 and this paper (5 and 15GHz). Column 9: The logarithmic ratio of the flux densities at 60
µm and 1.4GHz. Column 10: The infrared spectral index between 25 and 60 µm.
Source P5GHz L5GHz r TB Variable αr Ref. u αIR
(W Hz−1) (erg s−1) (lty × lty) (K)
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10)
NGC2911 3.98 × 1021 1.99 × 1038 < 1.4× 0.9 > 1× 108 yes 0.21 1 0.69 <1.11
NGC3079 6.87 × 1020 3.44 × 1037 < 0.6× 0.4 > 1× 108 yes? −1.68/0.82 2 1.81 3.02
NGC3998 4.37 × 1021 2.19 × 1038 < 0.7× 0.4 > 6× 108 yes 0.15/0.32 3 0.75 1.78
NGC6500 1.29 × 1022 6.45 × 1038 < 1.6× 0.6 > 5× 108 yes −0.03 4 0.54 2.12
Sect. 5.2). On the other hand, the central 1 ′′. 3 extended
emission seen in the 408MHz and 1.7GHz MERLIN maps
(Unger et al. 1989) is roughly aligned with the major axis
of the galaxy, at PA = 55◦ and 70◦, respectively, consistent
with early VLBI experiments by Jones et al. (1981, 1982).
More recently, the 5GHz VLBA observations of Falcke
et al. (2000) show a core straddled by two-sided emission
(overall size 20 mas, PA = 39◦), aligned to within 9◦ of
the extended optical emission-line gas detected by Gon-
zale´z Delgado & Pe´rez (1996). The misalignment between
the small and large scales may be due to projection effects,
or, alternatively, the jet may be disrupted and redirected
very near the core. NGC6500 is also known to be variable
in the radio (e.g., Hummel et al. 1984) and has a flat radio
spectrum (e.g., Falcke et al. 2000).
Our high-resolution observations show a strong
(∼84 mJy), marginally resolved core consistent with the
VLBA (Falcke et al. 2000) and VLA (Nagar et al. 2000)
measurements. We do not detect the extended emission
reported by Falcke et al. (2000), most likely because of
the high noise level in our EVN data. The presence of an
unresolved, variable, flat-spectrum, high-brightness tem-
perature radio core associated with jetlike emission again
provide compelling evidence for an AGN-type source, es-
pecially when considered in conjunction with the X-ray
(Barth et al. 1997) and ultraviolet (Barth et al. 1997, 1998;
Maoz et al. 1998) detections.
6. Discussion and Summary
The physical origin of LINERs has been a controversial
topic since Heckman (1980) identified them as a ma-
jor constituent of the galaxy population. In recent years,
high-resolution, multiwavelength observations have con-
tributed greatly to elucidating the nature of these enig-
matic objects. As discussed recently by Barth (2001) and
Ho (2001), there is now little doubt that “type 1” LINERs
(those with detectable broad emission lines) are genuine
low-luminosity AGNs.
An outstanding issue yet to be resolved is the AGN
fraction among narrow-lined, “type 2” LINERs and so-
called transition objects. The traditional optical diagnos-
tic emission lines are largely degenerate with respect to a
number of the ionization mechanisms that have been pro-
posed (see Sect. 1). While the ultraviolet region can be
advantageous compared to the optical, the detection rate
in this band is low (Maoz et al. 1995; Barth et al. 1998),
most likely due to a combination of dust extinction (Barth
et al. 1998; Pogge et al. 2000) and the intrinsic weakness
of LINERs in this spectral region (Ho 1999b, 2001). In
the few cases where ultraviolet spectroscopy is available,
the evidence for AGNs has been mixed (Maoz et al. 1998;
Shields et al. 2001).
A method widely used to discriminate AGNs
from starburst-dominated sources compares the relative
strength of the far-infrared flux to the radio flux. For
“normal” or star-forming galaxies, Condon & Broderick
(1988) find that the distribution of the u parameter, de-
fined as the logarithmic ratio of the flux densities at
60 µm and 1.4GHz, peaks at u ≈ 2.0, with a tail toward
lower values of u (excess radio emission) due to galaxies
containing prominent AGNs. AGNs also generally have
“warmer” far-infrared spectra compared to star-forming
galaxies (e.g., de Grijp et al. 1985), which are character-
ized by αIR ≈ 2.3− 3.0 between 25 and 60 µm (Condon &
Broderick 1988; Condon et al. 1991). We have calculated
u and αIR for our sample (Table 3) using the far-infrared
measurements tabulated in Ho et al. (1997a) and the in-
tegrated 1.4GHz flux densities from the NVSS (see Ta-
ble 1). Indeed, all three galaxies with a dominant nuclear
radio component (NGC2911, NGC3998, and NGC6500)
do have a low value of the u parameter (< 1) and a rela-
tively flat infrared spectrum (αIR
∼
<2). (NGC 3079 is more
ambiguous, but this is not surprising in view of the circum-
stantial evidence for strong star formation suggested by its
optical morphology.) However, the application of these in-
frared diagnostics depends on the relative strength of the
nuclear radio emission.
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The X-ray band, especially for energies above 2 keV,
provides a more promising tool to probe the central source
in LINERs. However, until the recent advent of Chandra
(Ho et al. 2001), previous hard X-ray observations of these
sources (e.g., Ptak et al. 1999; Terashima et al. 2000) re-
lied on the coarse beam presented by ASCA. Given the
complexity of the X-ray structure in the central regions of
nearby galaxies (e.g., Ho et al. 2001), the low-resolution
ASCA data also can yield ambiguous results for the less
prominent nuclei that usually characterize type 2 LINERs.
This paper illustrates that radio VLBI observations
can be added to the arsenal of tools to tackle the LINER
problem, and, moreover, that the radio data alone can
give meaningful physical constraints. We have obtained
mas-resolution 5 GHz observations of a small, but repre-
sentative, sample of LINERs. The radio maps enable us
to pinpoint highly compact central cores with sizes
∼
<1.5
light year, which in turn place stringent lower limits on
brightness temperatures (
∼
>108 K) that definitively rule
out a thermal origin for the radio emission. The nonther-
mal, AGN-like nature of the radio sources is further sug-
gested by other radio characteristics found in previous ob-
servations. These include the detection of source variabil-
ity, flat or inverted spectra1, and in three out of the four
cases, morphological evidence for jetlike features or out-
flows. All of the above are hallmark features of “classical”
AGNs, the distinction being that the luminosities of our
sources are several orders of magnitude lower than those
observed in traditional radio galaxies.
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